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which have led to worldwide revolutions for over a century, mechanical or acoustic diodes are just starting to be explored 15, [17] [18] [19] . Achieveing non-reciprocity in mechanical systems through intrinsic time-reversal symmetry breaking has been demonstrated in strongly nonlinear networks [17] [18] [19] , selective acoustic circulators 20 , and topological mechanical insulators [21] [22] [23] . Recently, theoretical proposals [10] [11] [12] suggested the use of external, spatiotemporal modulation of material's properties as a mean to achieve non-reciprocity.
Experimental realizations of this concept require (i) a dynamic lattice with controllable elastic properties, and (ii) a dynamic modulation with speed comparable to the wave propagation velocity. We meet these requirements by building a mass-spring chain of repelling magnets modulated by externally driven coils. The chain consists of 12 ring magnets ( = 9.8 g) free to slide on a supporting smooth cylindrical rail (Fig. 1a , and Methods). To dynamically modulate the chain, we introduce electrical coils around the 8 central ring magnets (masses 3 to 10). The electrical coils are positioned coaxially with the magnets and rest at the same center positions , (Fig. 1a) . When a current flows through the electrical coils, they create local magnetic fields that couple to the ring magnets. When the ring magnets are at rest ( , position), they sit at the apex of the magnetic potential created by the coils and their coupling forces vanish. When the ring magnets displace, they experience either restoring or repelling forces from the coils, depending on the current direction. The coupling between each pair of ring magnet and coil is similar to a grounding spring. When the grounding spring stiffness is modulated spatiotemporally, time-reversal symmetry is broken leading to the formation of a nonreciprocal bandgap in the dispersion diagram [10] [11] [12] (Fig. 1b) . To characterize the mechanical parameters of our system, we measure the repelling force between neighboring masses as a function of their displacement (Methods). The resulting force-displacement curve exhibits a nonlinear force that is characteristic of dipole repulsion (Fig. 1c) . We also measure the force between the magnets and the surrounding coils at different applied currents (Fig. 1d) . To measure the dynamic response of the system, we drive the 2 nd mass with a sinusoidal force of frequency , and the velocity of mass 11 is monitored with a laser vibrometer (output signal). The velocity response is measured using a lock-in amplifier as a function of different for different modulation parameters. Due to the small vibration amplitude of the driving signal (≤ 5 mm), the coupling between masses can be approximated by a linear response ( (Fig. 1d) . We consider only nearest neighbor interactions between masses and mass-coil pairs, since non-nearest neighbour interactions decay to a negligible amount (Fig. S1 ).
The spatiotemporal modulation of the system can be achieved by applying sinusoidal AC currents through the coils. Each coil is subjected to a current of the same frequency, , but with a phase shift of /2 or − /2 between neighbours. The equivalent grounding stiffness for the -th mass thus can be modelled as:
where , is the modulation amplitude of the grounding stiffness, , is the equilibrium position of each unit, and = ± /2 is the normalized wave number.
Equation (1) Depending on the whether is positive or negative, the scattered mode propagates either with or against the incident wave, i.e., is either transmitted or reflected. In both cases however, its frequency is shifted away from the incident frequency . This translates into a one-way dip in the transmission spectrum around . We first set the modulation frequency to = 15 Hz, which falls within the pass band of the monoatomic lattice. For this modulation frequency, three crossings exist at 5 Hz,
19 Hz and 33 Hz and non-reciprocal wave characteristics are anticipated for neighboring driving frequencies (Fig. 2a) .
We measure the velocity of the last mass in the array as a function of the driving frequency, (Fig. 2b) . We developed a mathematical model to capture the dynamic characteristics of the modulated lattice. The system can be described as: (Fig. S2) . When the modulation is turned on, the velocity profiles obtained in experiments and simulations show a similar nonreciprocal response (Figs. 2d, e) . However, the non-reciprocal behavior at = 19.6 Hz is less pronounced in simulations than in measurements ( ≈ 1.9).
We computed dispersion curves from space-time Fourier analysis of the velocity field and compared them with the ones obtained with the plane-wave expansion method ( Fig. 2a and Methods). The observed non-reciprocal wave characteristics, at = 19.6 Hz, agree well with the dispersion characteristics. The dispersion curves (Figs. 1b, 2a ) predict nonreciprocal behavior also near 5 Hz and 33 Hz. However, the experimental velocities are too small at these frequencies to capture the effect. In order to demonstrate the tunability of the non-reciprocal frequency range in our system, we next set the modulation frequency to = 40 Hz, within the band gap of the underlying monatomic lattice. Our model predicts non-reciprocal wave behavior for driving frequencies near the crossings at 10 Hz and 30 Hz (Fig. 3a) . This is also captured in the measured velocity responses (Fig. 3b) and time domain profiles at = 31.6 Hz (Fig.   3c ). Corresponding numerical simulations (Figs. 3d,e ) agree very well with the measurements.
The dispersion curve of the modulated lattice (Fig. 3a) Our results provide the first experimental demonstration of modulation-induced nonreciprocity in a phononic lattice. The operating range of our lattice is beyond the asymptotic limits that are typically enforced in the existing theoretical work. The phononic diode developed in our work can be further implemented into micro-or nanoscale electromechanical systems 26, 27 with tunable frequencies as basic elements for acoustic rectifying circuits. Since the concept of modulation applies to other types of waves, our results find applications not only to phononic materials, but also to thermal diodes 13 , photonic waveguides 14 
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Methods Experimental details
The ring magnets used in our experiment are NdFeB Grade N42 magnets with dimensions 
Simulation of the velocity response curves
The control parameters for experiments are the modulation amplitude , , modulation frequency and driving frequency . The forcing amplitude may also be controlled by changing the driving current, but it is kept constant in our experiments. Figure S1 shows the measured and simulated velocity response functions of the unmodulated lattice ( , = 0 ). There is generally very good agreement between measurements and simulations, except for the peak around 15 Hz that is not captured in measurements. This is most likely because the friction forces in experiments are not fully captured by the Coulomb friction model used in simulations. The peaks in the velocity response functions are due to the finite size of the system (waves reflecting from the boundaries) and correspond to different modes of vibration. We observe a sharp cut-off around 33 Hz, which is lower than the cut-off value of (1/ ) / = 34.3 Hz based on the dispersion relation. This is due to the presence of energy dissipation 28 .
To simulate the velocity response functions for a given set of control parameters, Equation (2) We use the velocity response function of the lattice with no modulation ( , = 0) to obtain the coefficients of viscous damping and Coulomb friction , as well as the forcing amplitude . We note that including Coulomb friction is essential for capturing the sharp decay of the velocity response function near the cut off. We used a smooth approximation of the sign function in simulations, sign(̇ ) ≈ tanh (̇ ) with = 1000.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request.
